ABSTRACT This paper proposes a novel active flow control method for a special aircraft, that using only synthetic jet actuators (SJAs) to achieve pitch-roll-yaw attitude control at a high angle of attack when the stall occurs. The special aircraft goes without traditional aileron, elevator, or vertical stabilizer. As the first step, the model of the aircraft is built and the relation between the velocity amplitude of SJAs and the moments provided by SJAs are derived. The next step, to solve the problem that parameter uncertainties, unmodeled dynamics, and unknown external disturbances exist in the aircraft system, a sliding mode controller base on extended state observer (ESO) is designed. The parameter uncertainties, unmodeled dynamics, and unknown external disturbances are regarded as the compound interference of the system, which is estimated by the ESO and compensated in real time. Finally, the effectiveness of the proposed controller is verified through the numerical simulations. Simulation results show that the proposed control method is feasible and effective to solve the difficult problem of attitude control when the stall occurs. 
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I. INTRODUCTION
A stall is a condition in aviation and aerodynamics wherein the AOA increases beyond a certain point such that lift begins to decrease. At the onset of the stall, the air near the leading edge of the wing separates from the wing surface, which can cause the plane to crash. Fortunately, flow control using SJAs has been shown [1] - [4] to effectively reattach the boundary layer and at the same time reduce the wing's frictional drag. The SJAs originated from the idea of acoustic streaming [5] .
Currently, most SJAs make use of piezoelectrically driven FIGURE 1. Synthetic jet actuator [2] .
diaphragms to produce a synthetic jet. As shown in Fig. 1 , the SJA is constructed with a rigid sidewall cavity, an aperture and a diaphragm (on the opposite surface). When the oscillating membrane vibrates at a certain frequency [6] , the fluid from the surroundings is expelled (blowing stage) and ingested (suction stage) through the aperture. Therefore, jets generated by SJAs [7] - [9] have zero net mass but nonzero momentum. The oscillatory motion of the SJA creates a coherent vortex ring which delays flow separation and provides good control effect with zero net mass flux [10] - [12] . The advantages of using SJAs include compact structure, low cost, quick dynamic response and simple and convenient operation. Those make SJA a very efficient active flow control device.
There are many researches focusing on the SJAs' effect on aerodynamic parameters of the airfoil while few of them have applied SJAs into flight control. Experiments conducted by Neuburger and Wygnanski [13] , Bar-Sever [14] and Seifert et al. [11] , effectively demonstrated that air separation can be delayed and even be fully prevented by introducing fierce oscillations in the region of incipient separation. Different active mechanical devices embedded in the boundary layer were used in these experiments. Margalit et al. and Seifert et al. [15] , [16] studied the theory of delta wing stall roll control using segmented piezoelectric fluidic actuators. Li and Yang [17] , [18] applied SJAs to rolling control for a straight airfoil at high AOA. Ciuryla et al. [19] integrated SJAs with the aileron, elevator and rudder. It turned out that the velocity change rate of Cessna's body can be taken control at low AOA by this integrated control system. This present study focuses on applying only SJAs into pitch-roll-yaw attitude control of a special aircraft at high AOA. The aircraft occupies the following three characteristics. The first one is that it does not have the traditional control surfaces such as aileron, elevator and rudder. The second is the aircraft has no vertical stabilizer. We get remove the vertical stabilizer because it is heavy and usually its AOA is small then the effect of the SJAs is not significant. To maintain static stability, a horizontal stabilizer with dihedral angle is designed as shown in Fig. 2, Fig. 3 and Fig. 4 . The third is that there are parameter uncertainties, unmodeled dynamics and external disturbances in the aircraft system. They were compensated by the ESO, as mentioned in [20] and [21] . It turned out to have high efficiency in accomplishing the nonlinear dynamic estimation [22] . Xia et al. [23] have applied the ESO to control a missile systems, then they achieved attitude tracking of a rigid spacecraft via ESO [24] . Considering the above characteristics of the aircraft, we design a relatively robust and practical control method based on ESO. The pitchroll-yaw attitude control, at high AOA, is realized by solely using SJAs.
A preliminary conference version of this paper appeared in Li and Yang [25] . The main improvement with respect to this earlier work is the more reasonable and accurate calculation of data and more effective and robust control method. The approximate relation between voltage and VASJAs is also considered.
II. MODEL
When the aircraft is under the condition of stall, its control surfaces almost disable to control aircraft effectively. In order to achieve effective flight control, we place the SJAs on the upper surface of the wings and horizontal stabilizers instead of the traditional aileron and elevator, as shown in Fig. 2 , Based on the above conditions, as long as the VASJAs is less than the freestream velocity, the increase of airfoil's lift coefficient is quadratic to VASJAs as shown in Fig. 7 . The functional relation between VASJAs A SJ ∈ R 4 and the increase of airfoil's lifting coefficient Cl SJ ∈ R 4 as the following equation (1)
(1) where A SJ i , i ∈ {1, 2, 3, 4} are the components of the VASJAs. As shown in Fig. 8 , the decrease of airfoil's drag coefficient Cd SJ ∈ R 4 is quadratic to the VASJAs, too. Their functional relation is described by equation (2) Cd
where i ∈ {1, 2, 3, 4}. From Fig. 9 [26], we can find that there is an approximate relation between the VASJAs and SJAs' excitation voltage
B. NONLINEAR AIRCRAFT MODEL WITH SJAS
Euler angle is used to describe the aircraft's rotation with respect to the earth frame and the following equations can be obtained: As being available in most flight dynamic textbooks, the dynamic model of aircraft can be described by (5) , as shown at the bottom of this page.
The rearranged moment inertias are Translational Dynamics as equations (6) and (7), as shown at the bottom of this page
where C * = cos( * ), S * = sin( * ).
In the aircraft systems the following assumption is considered.
Assumption 1: In the aircraft model equations (4) In order to depict the aircraft model explicitly, we define the states
hence, the equations of the nonliner system are as followṡ
where M SJ ∈ R 3 is the control moments provided by SJAs, the function f i , i ∈ {1, 2, 3, 4} and matrix B are described as follows 
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It's reasonable to suppose there is an approximate relationship as eqation (18) based on the Fig. 7 and Fig. 8 .
where
F W is the magnitude of the lift and drag changed by SJAs in the wind frame, it is expressed as below
where M W ∈ R 3×4 is an approximate conversion matrix from lift coefficient Cl SJ to lift and drag changed by SJAs. The matrix M W is expressed as
Therefore, the control moment M SJ ∈ R 3 provided by SJAs has the following form
where the matrix l ∈ R 3×4 represents the distance from the aerodynamic center of SJAs to each body-axis, named arm of force matrix. According to the layout of the SJAs, we can estimate the value of l. For example, from Fig. 2, Fig. 3 and Fig. 4 , we can conclude that the l 3,1 = l 3,2 = 0, l 3,3 = l 3,4 = δ 3 < 0. M B is the transformation matrix from wind frame to body frame which is given as
Hence, the relation between the M SJ and the Cl SJ is
where the components of M M have the following form
where i ∈ {1, 2, 3}, j ∈ {1, 2, 3, 4}.
Then, take the equation (3) to (23), we get the following equation
The equation (25) reveals the relation between the excitation voltage of SJAs and the moments provided by SJAs. Therefore, the equation (10) can be rewritten as followṡ
III. EXTENDED STATE OBSERVER
The equations (1) and (2) The ESO is not dependent on the exact mathematical model of the system, the disturbances, the unmodeled dynamics and the parameter uncertainties of the system are regarded as total uncertainty, and the total uncertainty is tracked and compensated in real time. Thus, it offering inherent robustness. Further, it is simple to implement. The observer takes the total uncertainty as an extended state of the system, hence, it is known as ESO.
In order to reduce the complicity of control design we take the unmodeled dynamics, parameter uncertainties and external disturbances existing in (10) together as the total uncertainty d(t), the new variable d(t) is defined as
Hence, system (10) can be rewritten aṡ
A are the corresponding nominal value, detailed in the section (V).
Next, we estimate the uncertainty d(t) as an extended state x 5 (t) by a nonlinear continuous ESO. The second-order ESO has the following form e = z 1 − x 2 z 1 = z 2 − β 1 e +Bû(t)
where z 1 , z 2 are the states of the observer, e = [e 1 e 2 e 3 ] T is the estimation vector error between z 1 and x 2 . β 1 , β 2 are the observer gains rely on the time step t. 0 < λ < 1, µ > 0 are constant to be properly chosen. By choosing suitable parameters β 1 , β 2 , λ and µ, the error vector e will tend to 0, z 1 → x 2 and z 2 → d(t). So the extended state x 5 is obtained,
IV. CONTROLLER DESIGN
Due to the fact that the aircraft model is nonlinear in aerodynamics and there is a very complex nonlinear relation between the SJAs' excitation voltage and the lift/drag coefficient, a robust controller needs to be designed. As is well known, the SMC is robust to disturbances and unmodeled dynamics, especially for the control of nonlinear systems. It has attractive features to keep the system insensitive to uncertainties on sliding surfaces [27] , [28] . Therefore, for solving the attitude tracking problem with parameter uncertainties, unmodeled dynamics and external disturbances exist in the aircraft system, a sliding-mode controller can be designed to force the state variables to converge to the reference states by compensating the total disturbances via the ESO. The objective is to design a feedback controller such that forcing the attitude angle x 1 to track the given desired reference signal x 1,r . The tracking error of attitude angle is given as the following equationx
Thex 1 → 0 means that the attitude angle x 1 have tracked the reference signal x 1,r . Derivatives on both sides of the equation (32) arė
Assuming that the aircraft angular velocity can be imposed instantaneously, define x 2,r as a virtual control input for the desired dynamics (34)
Where, the design matrix K 1 is chosen as k 1 > 0, k 2 > 0, k 3 > 0 to ensure the asymptotic stability of (34). Combining equations (33) and (34), we can get the x 2,r as follows
where, according to the assumption 2, we know that the f 1 (x 1 ) is nonsingular. In order to guarantee the asymptotic stability of (34), a sliding controller is designed to achieve the above virtue control input x 2,r .
The sliding surface is designed as following
Derivative on both sides of the equation (36), and take replace the d(t) by x 5 (t), we get the follow equatioṅ
Taking the following reaching laẇ
Combine equations (37) and (38) we can give the control lawû
whereB † =B T (BB T ) −1 is the pseudo-inverse ofB.
V. RESULTS AND DISCUSSION
The control efficiency of the SJAs is best when wings' AOA is about 19 
We also take account of the errors existing in equations (3) and (7), rewriter them as
where 3 = 0.1, k = 0.2. Fig. 10 and Fig. 11 show the attitude angle tracking errors and angular velocity tracking errors, respectively. They prove that the sliding-mode controller is efficient to achieve attitude tracking when the parameter uncertainties, unmodeled dynamics and disturbances compensated by the ESO. The sliding surface is shown in Fig. 12 It is clear that the sliding mode is stable. Fig. 13 shows that the SJAs' voltage input control signals are high frequency oscillation. On the one hand, it can be suppressed by adjusting parameter K , ξ and η. On the other hand, benefit from SJAs' structural properties the control signals is feasible, but it is infeasible to the conventional mechanical aileron and elevator. Fig. 14 shows the estimation of disturbances by ESO. Obviously, the estimated state z 2 (t) converges to the total disturbance d(t) in finite time in spite of the parameter uncertainties, unmodeled dynamics and unknown external disturbances.
VI. CONCLUSION
In this paper, a novel active flow control technique is proposed to realize pitch-roll-yaw attitude control for a special aircraft at high AOA using only SJAs. Although the parameters uncertainties, unmodeled dynamics and unknown external disturbances exist the system, it has been proved that using only SJAs with a sliding mode controller based on ESO can effectively stabilize the aircraft at high AOA. Detailed simulation results have been presented to illustrate the developed method. The future of work, we will study on solely use only SJAs to achieve trajectory tracking control of UAV at a wide range of AOA and take the jet angle as a control input too.
